We report on the design of glycosylated nanogels via core-cross-linking of amphiphilic non-watersoluble block copolymers composed of an acetylated glycosylated block and a pentafluorophenyl (PFP) activated ester block prepared by RAFT polymerization. Self-assembly, pH-sensitive corecross-linking and removal of remaining PFP esters and protecting groups is achieved in one-pot yielding fully hydrated sub-100 nm nanogels. Using cell subsets that exhibit high and low expression of the mannose receptor under conditions that suppress active endocytosis, we show that mannosylated but not galactosylated nanogels can efficiently target the mannose receptor (MR) that is expressed on the cell surface of primary dendritic cells (DCs). These nanogels hold promise for immunological applications involving DCs and macrophage subsets.
pH-degradable mannosylated nanogels for dendritic cell targeting

INTRODUCTION
Mannose-binding cell surface receptors are attractive therapeutic and diagnostic targets. 1 The mannose receptor CD206 is a carbohydrate binding protein (i.e. lectin) and an endocytotic receptor expressed on the surface of dendritic cells (DCs), which are the most potent professional antigen presenting cells of the immune system and a primary target cell population for vaccine delivery and immuno-therapy. 2 In this regard, mannosylation using recombinant or enzymatic routes of protein vaccine antigens has shown to be a promising strategy to enhance the adaptive immune response. 3 Mannose receptors are also expressed on a macrophage subset that is found in solid tumors, termed tumor associated macrophages (TAMs) that exert a pro-tumoral function and thus are a target for eradication or reprogramming. 4 Moreover, the C-type lectin DC-SIGN (also termed CD209)
expressed on the surface of the HIV virus, which is the first hallmark of the cellular entry of this virus. Competing for entry of the virus or delivering an anti-viral compound to infected cells both have therapeutic value in this case. 6, 7 Consequently, there is a clear rationale for the development of engineered nanocarriers that can target mannose-binding receptors with a therapeutic or diagnostic payload. However, carbohydrate-lectin recognition is a classic example of low affinity binding that can take strong profit from presenting multiple copies of the same ligand onto a nanoparticle surface to enhance cell binding and/or internalization. 8 This phenomenon is often referred to as the cluster glycoside effect 9 , where clustering of carbohydrates leads to high avidity receptor binding. Indeed, exploiting multivalency 10, 11 for targeting nanoparticles to cell surface receptors is an often explored route in diagnostics and drug delivery. Whereas recombinant and enzymatic glycobioengineering routes are well suited for the design of à la carte glycosylated proteins, they are less suited for the design of fully synthetic higher order structures. By contrast, the latter can be obtained through the use of socalled synthetic glycopolymers that exist of monomeric carbohydrate-bearing repeating units. 12, 13 With regard to immuno-therapy, there is a strong rationale for delivering vaccine antigens and immune-stimulatory cues to DCs in nanoparticulate form. [14] [15] [16] Relative to soluble antigens, antigens formulated as nanoparticles promote cross-presentation to CD8 + T-cells that can differentiate into cytotoxic T-cells that can recognize and eliminate infected and malignant cells. [16] [17] [18] [19] [20] [21] [22] Furthermore, ligating immune-stimulatory small molecules to supramolecular structures should reduce systemic levels and confine the inflammatory activity to lymphatic tissues. 23, 24 Although, the synthesis of mannosylated polymers and nanoparticle derived thereof has been extensively reported 7, [25] [26] [27] and explored for DC targeting 28, 29 , the efficacy of unambiguously targeting the mannose receptor CD206 on DCs remains elusive. This can be attributed to the use of immortalized DC cell lines 30 that only show low expression of the mannose receptor or the use of controls that could exhibit inherent fewer cell interaction. For example, using well known stealth polymer based systems such as poly(ethylene glycol) 29 might yield false negatives due to inherent decreased physicochemical rather than biochemical interaction between polymer and living cells.
Here we report on the fabrication of mannosylated hydrogel nanoparticles (i.e. nanogels) with degradability in a relevant pH-window for endosomal disassembly. 31 To demonstrate the receptorspecific binding to cells expressing the mannose receptor, we first elucidated the expression levels of the mannose receptor on two types of DCs. Second, we also prepared galactosylated nanogels, that in contrast to often used poly(ethylene glycol)-based controls 29 or non-functionalized controls, are expected to witness similar non-specific interactions with the cell membrane as mannose-based nanogels, but are not expected to exhibit ligand-receptor based biochemical interaction. To design nanocarriers for DC-specific targeting, we elaborated on an elegant assembly approach starting from well-defined precursor block copolymers of which both blocks are hydrophobic, but one block is soluble in DMSO and the other not. The latter is based on pentafluorophenyl (PFP) activated ester repeating units. This property allows controlled self-assembly into micellar nanostructures followed by cross-linking and fluorescent labeling under anhydrous conditions, thereby avoiding the competition with hydrolysis of the activated esters that should occur in aqueous medium. Final conversion of remaining PFP-esters into hydrophilic units and deprotection of the other polymer block followed by transfer to the aqueous phase yields fully hydrated nanogels with sub 100 nm dimensions that can be tailored based on the block copolymer length. Importantly, further attributing to the attractiveness of our approach, the full assembly process can be done in a one-pot assembly strategy which favors controllability and reproducibility over the system.
EXPERIMENTAL PROCEDURES
Materials
Unless otherwise stated, all chemicals were purchased from Sigma Aldrich. 2, 2'-azobis(2-methylpropionitrile) (AIBN) was provided by Wako Chemicals and purified by recrystallization from diethyl ether prior to use. The RAFT agent 2-(butylthiocarbonothioylthio)propanoic acid (PABTC) was synthesized according to literature. F-NMR spectra were recorded on a Bruker 300 MHz FT-NMR spectrometer.
Chemical shifts (δ) were provided in ppm relative to TMS. Samples were prepared in chloroform- (Table S1 ). (Table S1 ). Although Table S1 shows desirable conversion of the PFPA monomer, no shift in SEC traces is obtained ( Figure S12) . A possible explanation for this anomaly is the formation of a radically polymerized pPFPA homopolymer instead of RAFT chain extension to the already existing acetylated mannose-bearing polymer. This hypothesis is in line with the increase of ᴆ and the lack of shift in the GPC trace. These polymers did not fully dissolve in DMSO and were not further analyzed by DLS, nor used in further experiments.
Synthesis of p(Tetra-O-Acetyl-α-D-Mannosylethyl
Synthesis of poly(Pentafluorophenyl Acrylate) (p(PFPAx))
A detailed example of a reaction with a theoretical degree of polymerization (DP) of 250 is described below; further polymerization reactions with lower DP's (respectively DP 100 and DP 50)
were performed analogously to the provided protocol. For a typical polymerization reaction, 1.9 g
PFPA (8 mmol 
DLS of mannose decorated nanogels
Dynamic light scattering (DLS) of the self-assembled nanogels was done using a Zetasizer Nano- For each sample, 5 individual measurements were taken and data provided as average ± standard deviation.
Hydrolysis of ketal cross-linked nanogels
The degradability of the nanogels was investigated using 10.0 mg/mL solutions of both Man1 
Ellman's Assay
To establish the removal of the thiol end groups by thiol-ene type Michael addition, an Ellman's assay was performed according to the manufacturers' protocol. Aminolysis of the trithio carbonyl moiety by quenching and deprotection with 2-aminoethanol of Man2 is shown in Figure S20A . 
Lectin binding assay
The ability of the nanohydrogels to bind mannose-binding lectins was investigated using a Conca- 
In vitro uptake experiment in murine bone marrow derived DCs
Bone marrow derived dendritic cells were generated utilizing a protocol modified from literature. 
RESULTS AND DISCUSSION
To devise correct conditions for evaluating the role of the mannose receptor, in vitro differentiated bone marrow (obtained from the femurs and tibia of mice) derived DCs (bmDCs) and the widely used immortalized DC cell line DC2.4, developed at the Rock lab, 36 were immune-stained against CD11c (a universal DC surface marker) and the mannose receptor CD206. As show in Figure 1 , there are two distinctly separated subsets in the case of bmDCs that exhibit low (or no) and high CD11c expression, respectively. In total, 80% of the cell population exhibited CD11c expression and could be regarded as 'true DCs'. 37 Within this population again a significant fraction, i.e. 21% of the total population and 26% of the 'true DCs', but not all, showed co-expression of the mannose receptor CD206. Also, all CD206 hi cells were CD11c hi and thus 'true DCs'. Notably, we also observed that expression levels of CD206 on bmDCs decreased over longer time of culturing (>1 week) and with repeated medium exchange and re-seeding in cell culture dishes. As both phenomena contributed to increased levels of DC maturation markers (data not shown), it is important for mannose-receptor targeting studies to use in vitro culture conditions that favor a large DC subpopulation to be in immature state. By contrast, the immortalized DC2.4 cell line does show expression of both CD11c and CD206, albeit to a much lesser extent than bmDCs. Additionally, no distinct subpopulations could be distinguished, but rather a low and contiguous expression profile was found. Low expression levels of CD206 by DC2.4 have also been confirmed by others. 39 Despite the popularity of the DC2.4
cell line which has extensively been used by many research groups, including our own, for inves-tigating nanoparticle internalization and antigen presentation, its suitability for investigating mannose-receptor specific targeting is questionable. Moreover, when using bmDCs to investigate the role of the mannose receptor in DC-specific targeting of nanocarriers, we believe it is important, to specifically select the mannose receptor high DC subset in the FACS analysis gating strategy.
Our supramolecular design and one-pot assembly strategy is depicted in Figure 2 . The key aspect is the ability of block copolymers, comprising a solvophobic poly(pentafluorophenyl acrylate) (pPFPA) block to self-assemble in aprotic polar solvents -such as DMSO -into micellar nanoparticles. 33 The activated PFP esters can readily form amide bonds with primary amines in a nearly quantitative way. [40] [41] [42] This feature can be exploited to covalently core cross-link these micelles or conjugate bioactives or tracer molecules under non-aqueous conditions, thereby avoiding competition with hydrolysis reactions, that would impair reproducibility. The latter commonly occurs when using the more wide-spread N-hydroxysuccinimidyl (NHS) esters in aqueous medium, which are assumed to be less hydrolytically stable than PFP esters. 43 Interestingly, whereas core cross-linked micelles are typically formed using amphiphilic block copolymers containing a hydrophilic and a hydrophobic polymer block, we elaborated onto a strategy that involves two hydrophobic blocks. Our second polymer block is based on poly(tetra-O-acetyl-α-D-mannosylethyl acrylamide) block (pTAManEAm) that is, contrary to pPFPA, well-soluble in DMSO but also nonwater soluble. Such approach -i.e. the use of fully hydrophobic precursor polymers for controlled self-assembly of nanostructures that are finally converted into fully hydrated nanostructures -is one of the key synthetic novelties in our work. TAManEAm was synthesized in a convenient onestep reaction by boron trifluoride diethyl etherate catalyzed glycoside formation between peracetylated D-mannose and N-hydroxyethyl acrylamide (Figure 2A) . This route has been elaborated on for (meth)acrylates 44 but to the best of our knowledge not for (meth)acrylamides that are commonly synthesized via a multistep route based on aminoalkylglycosides. 45, 46 The reason that we opt for acrylamides is due to the higher stability of an amide bond, relative to an ester bond (in case of (meth)acrylates)), under conditions, applied further on, that could promote hydrolysis and aminolysis. Furthermore, a galactosylated monomer tetra-O-acetyl-β-D-galactosylethyl acrylamide (TAGalEAm) was also synthesized that will be used further on (vide infra) as a non-MR-binding control polymer. This galactosylated monomer was synthesized using a convenient one-step KoenigsKnorr reaction ( Supporting Information, Figure S7 ).
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Reversible addition-fragmentation (RAFT) 47 polymerization with 2-(butylthiocarbonothioylthio)propanoic acid (PABTC) as chain transfer agent (CTA) was used to obtain defined block copolymers.
The necessity to use peracetylated monomers arises from the constraints dictated by the use of PFPA as block co-monomer which shows limited solubility in several organic solvents of which none permitted to solubilize deacetylated α-D-mannosylethyl acrylamide (ManEAm) and β-D-galactosylethyl acrylamide (GalEAm). A second constraint that we encountered involves the need to polymerize PFPA prior to chain extension with TAManEAm. The opposite order did not allow for block copolymer formation, which we attribute to the lower reactivity of the acrylamide-based macro CTA relative to its acrylate counterpart 48 (see Figure S12 for corresponding SEC traces that indicate the formation of two homopolymer populations rather than block copolymers). Four different block copolymers, three mannosylated and one galactosylated (as control), were synthesized with varying chain lengths according to the reaction scheme in Figure 2D (synthesis of TAGalEAm is illustrated in Figure S7 ). Size exclusion chromatography (SEC) in THF gave evidence of successful chain extension ( Figure 3A) . Although it could be argued that dispersities are relatively high for RAFT polymerization, this did not affect the self-assembly properties of the block copolymers in DMSO (vide infra). H-NMR (Figures S15) and Table 1 summarizes the measured properties of the block copolymers. All four block copolymers formed self-assembled nanoparticles in DMSO with Z-average sizes of 20, 62 and 106 nm in case of the mannosylated block copolymers and 90 nm for the galactosylated block copolymer, measured by dynamic light scattering (DLS; Figure 3B and Table 1 ). These data indicate a good correlation between block copolymer chain length and nanoparticle size. 49, 50 Core cross-linking 49 and fluorescent labeling of the self-assembled nanoparticles was performed by addition of a bisamine cross-linker and tetramethylrhodamine cadaverine in presence of triethylamine ( Figure 2D ). Two different cross-linkers ( Figure S17) were used: the non-degradable 2, 2'-(ethylenedioxy)bis(ethylamine) (abbreviated as ND) and the pH-sensitive 2, 2'-bis(aminoethoxy)propane (abbreviated as D). In case of the galactosylated control nanogel, only the nondegradable cross-linker was used to exclude degradability during experiments. The ketal-containing cross-linker is particularly interesting for biomedical applications [51] [52] [53] as it readily degrades in response to the acidic pH that is sensed in endosomes upon cellular endocytosis.
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Successful cross-linking was evidenced by diluting a sample in chloroform followed by DLS analysis (see supporting information Figure S18 ). Whereas self-assembled precursor block copolymers in DMSO disassemble into unimers upon dilution with chloroform, the cross-linked ones remained invariant, indicating a successful cross-linking strategy. The remaining PFPA repeating units were then reacted with an excess of 2-aminoethanol, thereby transforming the hydrophobic nanoparticle cavity to a hydrophilic environment. Note that at this stage other amine-containing molecules can be installed into the core of the nanoparticles to serve later on for bio-conjugation.
In presence of primary amines, the thiocarbonylthio RAFT Z-end group will be cleaved by aminolysis, leading to nanoparticles with a multitude of free thiols on their surface. We observed that during further work-up nanoparticle aggregation occurred due to disulfide formation, which could be reversed by addition of TCEP or DTT. We do not consider the presence of free thiols on the nanoparticle surface as an issue, but rather as an opportunity. Indeed, Z-end group transformation with divinyl sulfone or methane thiosulfonate has been shown an attractive approach to introduce cysteine-reactive moieties for further bio-conjugation. 41, [54] [55] [56] Alternatively, the Z-end group can, upon aminolysis, easily be capped by acrylates and acrylamides via Michael addition. 57, 58 In the present work we use this route to cap the thiol end-groups by addition of an excess of N-hydroxyethyl acrylamide, introducing a hydroxyl group at the polymer chain ends. Near quantitative removal of the thiols was monitored by addition of Ellman´s reagent ( Figure S20 ). In a last reaction step deacetylation was performed by addition of a methanolic sodium methoxide solution (Figure 2) . Finally, the reaction mixture was extensively dialyzed against a 0.1% (v/v) ammonium hydroxide solution and lyophilized. The 1 H-NMR spectrum in D2O of a non-crosslinked block copolymer ( Figure S19 ) clearly shows full disappearance of the acetyl peaks. It can be argued that we elaborate on a complex multi-step assembly procedure. However, it is important to note that from polymer synthesis and purification onwards, all step steps sequentially occur in a one-pot setting, only yielding low molecular weight by-products that are easily removed during the final dialysis step. All samples could be readily redispersed in phosphate buffered saline (PBS; pH 7.4). DLS ( Figure 3B ) indicated barely any alteration between the measured particle size before and after cross-linking with no significant influence of the type of cross-linker that was used in the reaction. To test whether the nanogels cross-linked with the ketal-containing 2, 2'-bis(aminoethoxy)propane can degrade in response to acidic pH, we monitored particle size and light scattering intensity as function of time by DLS. As shown in Figure 3C -D, exemplified for Man1-based nanogels, cross-linking with 2, 2'-bis(aminoethoxy)propane (i.e. Man1 D ) renders the nanogels readily degradable into soluble unimers (cfr. size distribution graphs in Figure 3D ) in response to acidic pH, whereas they remained stable for at least 48 h (longer time points not shown) at the physiological pH of 7.4. Nanogels cross-linked with 2, 2'-(ethylenedioxy)bis(ethylamine) (i.e. Subsequently, we investigated the functionality that was engineered into the nanogels. Firstly, to test whether the mannose repeating units exhibit selective lectin-binding activity we mixed mannosylated nanogels (Man1   D   ) with Concanavalin A (ConA) and monitored nanogel agglutination by DLS. As a control, an identical experimental setup was used to test the galactosylated nanogels.
ConA is a lectin that has four binding sites at physiological pH and can interact with mannosyl and glucosyl moieties, 8 but not with galactosyl moieties. The immediate increase in size and light scattering intensity upon addition of ConA to mannosylated nanogels (Figure 3E) , without change when ConA is added to galactosylated nanogels (Gal1 ND )( Figure 3F) , clearly demonstrates the specific lectin-binding properties of the mannosylated nanogels (Supporting Information Figure   S21 provides further visual proof of specific lectin binding). Table 1 .
Secondly, as our final aim in the present work, we aimed at investigating the potential of the mannosylated nanogels for specific targeting of dendritic cells (DCs) that are known to express the mannose receptor. For this purpose we differentiated primary DCs from bone marrow isolated from the femurs and tibias of mice (bmDCs). Next we pulsed the bmDCs for 1h at respectively 37 °C or 4 °C to asses respectively dendritic cell uptake or cellular association of the nanogels, followed by anti-MR antibody staining and FACS analysis. In these set of experiments, only nondegradable nanogels were utilized to rule out the influence of nanogel degradation. Furthermore, we also verified ( Figure S22 ) whether all nanogel solutions had similar fluorescence payload in order to allow for reliable comparison. This revealed to be the case, with only the smallest nanogels Figure S23 show a distinct population of nanogels+ cells appear, which could suggest a higher avidity of bigger nanogels compared to smaller ones as bigger nanogels will expose more ligand copies than smaller ones. In this regard it is also noteworthy to mention the effect of superselectivity that can occur in case of larger nanogels. This aspect of multivalency has recently been described by Frenkel and co-workers and could explain a faster than linear increase of cellbound nanogels with the density of available mannose ligands. [59] [60] [61] Such trend appears in our present work but requires more in depth investigation.
In a final series of experiments, we used confocal microscopy to investigate whether the nanogels are internalized by the DCs or merely bound to the cell membrane. As shown in Figure 4B , depicting bmDCs that were pulsed during 1 h with nanogels at 37 °C, nanogels are clearly found inside cells, proving they are actively endocytosed.
CONCLUSIONS
To summarize, we reported in this paper on the design of fully hydrophilic glycosylated nanogels with tailorable dimensions below 100 nm, via self-assembly of amphiphilic, but fully hydrophobic, precursor block copolymers. The use of an activated ester based hydrophobic block permitted the introduction of (degradable) cross-links and covalent linkage of fluorophores. We demonstrated that mannosylated nanogels promoted ligand-receptor recognition to lectins in solution and on the cell surface of primary DCs. Under physiological conditions mannosylated nanogels are efficiently internalized by DCs. Given the multiple opportunities to introduce further functionalities, e.g. via reactive ester approach or end-group modification, we focus our current research endeavors to engineer the nanogel interior, respectively surface, with vaccine antigens and immunestimulatory small molecules.
